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Contact-induced Damage in Ceramic Coatings on
Compliant Substrates: Fracture Mechanics and Design
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Materials Science and Engineering Laboratory, National Institute of Standards and Technology,
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Simple explicit relations are presented for the onset of com-  subsurface quasiplasticity in the Hertzian near-contact régich

peting fracture modes in ceramic coatings on compliant sub-  and a form of radial crack in the flexural field at the lower coating
strates from Hertzian-like contacts. Special attention is given surface beneath the contact, unique to layer strucfules®

to a deleterious mode of radial cracking that initiates at the Delamination is not observed to be a principal mode of contact
lower coating surface beneath the contact, in addition to damage in such structures, even weak (epoxy adhesive) interfaces,
traditional cone cracking and quasiplasticity in the near- at least in single-cycle loading:*"*° The radial cracks are
contact area. The critical load relations are expressed interms  particularly deleterious because they can initiate at relatively low
of well-documented material parameters (elastic modulus, loads (especially in thinner coatings) and can spread over long

toughness, hardness, and strength) and geometrical parame-  distances. They also tend to remain subsurface, and are therefore
ters (coating thickness and sphere radius). Data from selected  not always observable from routine surface inspection, even

glass, ALO; and ZrO, coating materials on polycarbonate though failure may be imminent. Whereas explicit relations for
substrates are used to demonstrate the validity of the relations. critical loads have been well documented for the cone cracking and
The formulation provides a basis for designing ceramic coat-  quasiplasticity modes, analogous relations for lower-surface radial
ings with optimum damage resistance. cracking have only recently been considetéd?

Here we develop a design strategy for optimizing resistance to
) Hertzian-type damage in ceramic coating systems. Simple analyt-
. Introduction ical relations for the critical loads for the onset of each damage
mode are first derived in terms of conventional material parame-
ters (elastic modulus, hardness, toughness, and strength) and
geometrical variables (coating thickness, and indenter radius).
Contact testing is then performed on glass,® and ZrQ, outer
layers bonded with epoxy adhesive to polycarbonate underlayers
- . . -~ in order to validate these relations. The ceramics are chosen for
load-bearing capacity, wear resistance, thermal and Corrosiony,eir pyoad range of properties; the polycarbonate and adhesive are
protection, electrical insulation, and aesthetics; a compliant sub- conveniently transparent, enablifry situ subsurface observation
strate provides stress redistribution and damage tolerance. Yety¢ 4 ia) crack initiation-6+”With the validity of the relations thus
despite the manifest importance of such applications, design gqiaplished, design diagrams are constructed to determine the
strategies for optimizing coating parameters remain largely based y,aing of “safe operation” for any given material system.
on empirical methodologies, such as finite element analysis. There
is a need for more analytical approaches, in which the critical
conditions may be expressed explicitly in terms of conventional Il. Critical Load Relations
material parameters (elastic modulus, hardness, toughness, and
strength) and geometrical variables (coating thickness and indenter The system under consideration is shown schematically in
radius). Fig. 1. The specimen consists of an infinitely wide flat ceramic
This need is especially pressing in the case of contact loading, coating of thicknessd bonded with adhesive to a compliant
where severe damage may be incurred at relatively low applied polycarbonate substrate (S), with relative elastic modEIE&,
loads™? In natural or restorative tooth structures, for instance, The properties of the adhesive are considered to match those of the
repeat biting forces as low as 100 N at contacts between opposingsubstrate, so that the system is essentially a bil/arspherical
cusps of characteristic radii 2-4 mm can cause prematwa/o indenter of radiusg is impressed onto the coating surface at I1Bad
failures®>® The stress field in the supported coating is Hertzian- with associated contact radias Three types of damage may be
like in the near-contact region and flexure-like in the far-contact initiated within the coating:cone crackgC) at the upper surface
region, with resultant competing modes of fracture and damage in immediately outside the contacfyiasiplasticityin a yield zone (Y)
the coating. These modes include traditional cone cracks andimmediately beneath the contact; aradial cracks (R) at the
lower coating surface, directly below the contact.

CEERch coatings on compliant substrates are used in many
ngineering applications (cutting tools, thermal barrier coat-
ings, electronic multilayers, and laminated windows), biological
structures (teeth and dental crowns, and shells), and traditional
pottery (ceramic glazes). A hard coating provides enhanced

G.M. Pharr—contributing editor (1) Radial Cracks
Radial cracks owe their origin to flexure induced by the
indentation of the coating on a relatively compliant sub-
strate?>121%17The lower surface directly below the contact is
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Fig. 1. Schematic showing damage modes in ceramic/polycarbonate
bilayer from indentation with sphere: radial cracking (R), cone cracking
(C), and quasiplasticity (Y).

Radial cracking is assumed to initiate spontaneously from a
starting flaw in the lower coating surface at a critical [dggdwhen
the maximum tensile stressequals the bulk flexure strength:
of the coating. For infinitely wide specimens we obtain, in the limit
of small contacts and coating surface displacem&hts,

Bord?
log (CEHEY)

with B andC dimensionless coefficients. ValuBs= 2.04 andC =

0.94 have been “calibrated” in a preceding study from fits to data
on model glass/substrate bilayer systéfis the limit E,— E, we
obtainPz — = for C ~ 1, which is consistent with the observed
absence of flexure-induced radial cracking in monoliths. A feature
of Eg. (1) is the strong, quadratic dependencePpf on d,
indicating that thin coatings are particularly vulnerable. The
controlling material parameters arg- and E/E,, although the

1)

Py =
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Hertzian contact theory. Now the indenter modultjsbecomes
important. Let us define an “effective modulug’ = 1/(1E +

1/E;). For cone cracks, the critical load is given by Auerbach’s
La ,23,24

T2
PC = A(E) r

with A = A(v) a dimensionless coefficient (s Poisson’s ratio)
andT is the toughnes(.). For quasiplasticity, the critical load is

H 2
P, = DH(§> r2

with D another dimensionless coefficient ardthe indentation
hardness (load/projected area, Vickers indentation). Calibration
valuesA = 8.6 X 10°> andD = 0.85 have been determined from
fits to data on a range of ceramitsThus, controlling material
parameters in these modes afe T, and H. Because these
parameters are insensitive to flaw state (notwithstanding the fact
that surface flaws are necessaryrtiiate cone crack&*29, so are
P. and P,. Pc and P, are also insensitive ta, reflecting a
near-field approximation implicit in the derivations of Egs. (2) and
(3) for first damage inception.

It is implicit here that the toughness is independent of crack
size; the existence of d@curve tends to diminish as it enhances
T, effecting a type of (microstructurally controlled) brittle—plastic
transition?®?” The different dependencies 8. andP,, onr in
Egs. (2) and (3) indicate another type of brittle—plastic transition,
as the manifestation of an indentation size effect.

For specimens with surface curvatutg,, r is replaced by an
“effective radius’r’ = 1/(1k + 1hrg,).%°

surt/*

@)

®)

ll. Experiment "

(1) Materials and Fabrication

Three well-behaved ceramics covering a broad range of mate-
rial properties were chosen as coating materials:s¢da-lime
glass the quintessential brittle material, providing a convenient
reference baselineji] Al,O5; (AD999, Coors Ceramics, Golden,
CO), a relatively pure, fine-grain ceramic with intermediate
properties; andii{) ZrO, (Y-TZP, Norton—St. Gobain, Raleigh,
NC), another fine-grain, YO5-stabilized tetragonal ZrQpoly-
crystal, with exceptionally high strength but some tendency to

dependence on the latter is comparatively weak. The appearance oplasticity® A polycarbonate plastic (AIN Plastics, Norfolk, VA)

o means thaPy is sensitive to the surface flaw state.

P in Eq. (1) is independent of at least in the limia << d.
Correction factors for the more general case of nonaétexist°
but are omitted here for the sake of simplicity.

(2) Cone Cracks and Quasiplasticity

As indicated, cone cracks and quasiplasticity are induced in the
contact near field, the first mode by the tensile component and the
second by the shear component. As a first approximation, we may

simplify matters by neglecting any modifying effects on the
surface stress state from the underlying substrate.

In a preceding article, it was shown that the critical loBdsind
P, for cone cracking and yield in monoliths may be expressed as
functions of basic material paramet8rdrom well-established

was selected for the substrate, because of its transparency and
relatively small time dependence in the indentation load—displace-
ment responst® Material parameters for these materials are listed

in Table I.

Each ceramic material was prepared in the form of slabs with a
minimum lateral surface dimension 15 mm. Surfaces were ground
and polished (1wm diamond) to thicknesses in the range
0.1-6 mm. Because the polycrystalline ceramics contained a
sufficient density of intrinsic microstructural flaws for subsequent
crack initiation, their surfaces were tested as-polished, after gold

Tinformation on product names and suppliers in this article is not to imply
endorsement by NIS

Table I. Mechanical Properties for Constituent Layer and Indenter Materials"
Young’s modulusE Hardness, H ToughnessT Strength® o

Material GPa) (GPa) (MPam*/?) (MPa) Reference
Soda-lime glass 70 5.2 0.67 1109 9, 16
Alumina (AD999) 390 17.5 3.1 466 63 9, 29
Zirconia (Y-TZP) 205 12.0 5.4 1456 250 9, 30
Polycarbonate 2.3 0.14 9, 16
Tungsten carbide 614 16.0 9,31

TUncertainties irE estimated at 5%, inH < 10% andT < 20%. Errors ino are experimental standard deviatiofadentation hardness,
H = 2P/d? = 1.07&H,, d = indent d|agonal§As polished surfaces, except glass surfaces abraded (600 SiC grit).



1068 Journal of the American Ceramic Society—Rhee et al. Vol. 84, No. 5

coating the lower surfaces to enhance reflectivity for subsequent ( ) % SRR
subsurface viewing. The soda-lime glass surfaces were given, ca vy L
post-polish abrasion treatments with a slurry of 600 SiC gritto % - =7« - L
provide uniform, extrinsic flaw densiti€$. The polycarbonate ORER R al et A T Rt
bases were used in their as-received, smooth-surface states, with . Vgare gt g T
fixed thickness of 12.7 mm. T ey
The glass and ceramic coating layers were bonded to the ., s i
polycarbonate substrates using an epoxy adhesive (Harcos Chem *.» . * AR Ty
icals, Bellesville, NJ) under light pressure for 24 h. The resultant = =" * .+ " T+ i
adhesive layer was 10—20m thick, and transparent. Because the O_ Ry LA
bond was formed at ambient temperatures, thermal expansion™ ™ EEORRIS SR
mismatch stresses are not an issue. The elastic properties of the .
adhesive are similar to those of the polycarbonate ba2€so that (b) T e
the finished laminate may be regarded as an ideal ceramic/ = R
substrate bilayer. '

Ot

(2) Contact Tests a ey TR
Hertzian tests were conducted on the layer structures using WC - =77 & 0% B
spheres mounted into the crosshead of an Instron universal testing . "_ .= i VALY
machine (Model 1122, Instron, Canton, MA). Most tests were = * « "
done with spheres with a radiusiof 3.96 mm; a select few were o
conducted ar = 1.0-12.7 mm. Loads were applied at a fixed
crosshead speed of 0.15 mm/min, in air. T R e L S T ST DR L S
Radial crack initiation was monitoreit situ from below the HEEY v el s o
contact through the adhesive/polycarbonate sublayer, using an’=- g
optical zoom system (Optem, Santa Clara, CA) mounted into a
video camcorder (Model XL1, Canon, Lake Success, NY). Acous-
tic signals from a piezoelectric transducer (LOCAN 320, Physical
Acoustics Corp., Princeton, NJ) attached to the upper specimen -*
surface with rubber cement provided complementary information . ™ -
on radial crack pop-in. Means and standard deviation®fowmere 5
thereby determined from a minimum of five indentations on each * e (U : .
specimen. Values d?. for cone cracking in glass could also be .= Tt et B e |
me:r? l:arl’tsgr:;ttir\;:as ;\)I\:gzadure was necessary to determine the onse Fig. 2. Radial crack sequence in sodarlime glass coating 180.m, on
tpolycarbonate substrate, thickness 12.7 mm, from indentation with WC

of cone c_racking and quasiplasticity _in the opaque ce_ramic sphere of = 3.96 mm. Loading half cycle, (& = 8.3 N, (b)P = 13.4 N,
coatings’ since these modes did not emit strong acoustic signals. (c) P = 17.2 N, (d)P = 37.6 N; unloading half-cycle, (6} = 25.2 N, (f)

Rows of indentations were made on each coating surface atp = 0 N. Abrasion flaws on lower coating surface are visible.
incrementally increasing peak loads, and the surfaces exarained
posteriorigenerally within an hour of indentation and gold coating
using Nomarski illumination. (The Y-TZP specimens were exam-
ined within five minutes of indentation, in the uncoated state, to
compensate for a marked time-dependent recovery of the residual
impressions in this material, disappearing altogether within a few
hours at loads just above thresh8)dMeans and uncertainty
bounds forP. were determined from the load ranges at which
surface ring cracks first appeared as incipient shallow arcs (lower
limit) and were fully formed (upper limit). Values fdP,, were
similarly determined as the load ranges over which the residual
surface impressions were completely undetectable and were
clearly visible.

the glass and AD;. However, the cracks do not heal; reloading
reopens the original cracks.

In thicker specimens, the abruptness of the radial initiation
event was much more pronounced, with multiple initiations more
prevalent at higher critical loads. In extreme cases, at thicknesses
d > 1 mm or so, the cracks popped in to the specimen edges,
sometimes causing spontaneous failure. Up to failure, the radial
cracks remained subsurface during their exten&foall radial
cracks were accompanied by acoustic emissions at pop-in, from
barely detectable signals in the thinner coatings to audible pings in
the thicker ones. Similarly, load drops ranged from undetectable to
>50% over the same coating thickness range.

) Cone cracks and quasiplasticity were more difficult to observe,
IV.  Results and Analysis because the surfaces could only be examined after the fact (in the

(1) Radial Crack Morphology AlLO; and ZrQ, at least)? The initiation events in these modes

were not always abrupt or well-defined and were not generally

Figures 2-4 show micrographs of radial cracking in glass, accompanied by detectable acoustic signals or load drops.

Al,O; and ZrQ, coating specimens, taken from video recording
sequences. Each sequence covers one complete loading—unloadin N
cycle. The examples are for relatively thin coatings, near the lower (gz) Critical Loads

end of the range covered, so as to encompass the entire crack Critical load data for each of the polycarbonate-supported glass,
patterns within a working field of view. In the case of glass Al,O;, and ZrQ coating systems are shown in Figs. 5a§ a
coatings, surface abrasions are visible. The first micrograph in function of d, at a fixed sphere radius of = 3.96 mm. Filled
each case shows the lower surface of the coating at or around firstsymbols ard” data for radial cracking; the inclined solid lines are
radial crack initiation. The load corresponding to this near- the corresponding priori predictions from Eq. (1) using the
initiation configuration is relatively small for the glass, high for the material parameters in Table I. Unfilled symbols Bgeor P, data
ZrO,. Initiation itself is abrupt, with single opposing crack arms for cone cracking or yield, whichever of these two loads is the
popping outward from the contact center. At increasing load the lower; the horizontal lines are the corresponding predictions from
cracks multiply and extend stably, ultimately forming a “starburst” Egs. (2) and (3). In the case of glass, Byedata are obtained from
pattern. On unloading, the cracks appear to retract and close up,specimens with lower surfaces abraded, &dfrom specimens
becoming near-invisible at full indenter withdrawal, especially in with upper surfaces abraded. Thus, in thinner coatings (bdlew
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Fig. 3. Radial crack sequence in &5 (AD999) coating,d = 155 pum,

on polycarbonate substrate, thickness 12.7 mm, from indentation with WC
sphere ofr = 3.96 mm. Loading half cycle, (& = 15.1 N, (b)P =

240 N, (c)P = 35.1 N, (d)P = 56.6 N; unloading half-cycle, (e =

33.3 N, ()P = 0 N. Lower surface as-polished.

0.5-2.0 mm), radial cracks prevail. Of special note is the high
sensitivity of P; to d in this region, covering~3 orders of
magnitude in Figs. 5-7. On this scale, deviations of a factor of 2

or more between data and predictions are not so consequential. In

thicker coatings (abovel ~ 0.5-2.0 mm), more conventional
modes prevail, e.g. cone cracks in glass, quasiplasticity in,,ZrO
and both (indistinguishable) in AD5. In this region, the critical
loads P or P, are relatively insensitive ta, as assumed in
Section II.

Figure 8 shows critical loads for glass coatings as a function of
r, at a fixed thickness a = 1 mm. Again, filled symbols ar

data for radial cracking at abraded lower surfaces; the horizontal

solid line is the corresponding prediction from Eq. (B is
insensitive ta’, again consistent with the assumption in Section II.
Also plotted for comparison, are loaés. (unfilled symbols), for
abradedmonolithic glass, along with the dashed line prediction
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(a) (©)
1 mm
(d)

Fig. 4. Radial crack sequence in ZyQY-TZP) coating,d = 250 um, on
polycarbonate substrate, thickness 12.7 mm, from indentation with WC
sphere ofr = 3.96 mm. Loading half cycle, (& = 119.5 N, (b)P =
171.6 N; unloading half-cycle, (&) = 69.5 N, (d)P = 0 N. Lower surface
as-polished.
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Fig. 5. Critical load as function of coating thicknessfor soda-lime-
glass/polycarbonate bilayers indented with WC spheras-=6f3.96 mm.
Filled symbols arePg data, unfilled symbols ar®. data (quasiplastic
mode not observed). Solid lines are theoretical predictions for radial and

from Eq. (2). Cone cracks could not be observed below loads of cone cracking and quasiplasticity (yield). Glass surfaces abraded with 600
10® N in the polycarbonate-supported glass coatings; instead, outerdrit SiC.

ring cracks formed well outside the contatisjndicating a
significant influence of the substrate &g in this case.

V. Discussion

We have investigated conditions for the introduction of damage

near-contact region (as seen in monoliths), and radial cracking at
the lower coating surface, where flexural stresses are manifest.
Delamination was not observed to be a common mode of cracking
in our systems, despite the relatively weak (epoxy) adhesive used
to join the coatings to the substrates. The radial cracks are

in ceramic coatings on compliant substrates subjected to concen-especially deleterious because they can extend over comparatively

trated loads. Specifically, we have identified principal damage

large distances, in excess of several millimeters in our coatings,

modes in three coating materials on polycarbonate bases: glassleading to failure at comparatively low loads. Consequently, the

fine-grain ALO,, and Y-TZP. These modes include conventional

radial crack mode warrants singular attention in brittle coating

cone cracking and quasiplasticity at the top coating surface, in the structures (notwithstanding the fact that the other modes can also
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Fig. 6. Critical load as function of coating thickness for Al,O,f Fig. 8. Critical load versus indenter sphere radiulr soda-lime glass
polycarbonate bilayers indented with WC spheres ef 3.96 mm. Filled coatings of thicknessl = 1 mm on polycarbonate substrates. Filled
symbols areP data, unfilled symbols arB. andP,, data (indistinguish symbols arePy data, unfilled symbols arc data for monoliths (quasi

able). Solid lines are theoretical predictions for radial and cone cracking plastic mode not observed). Solid lines are theoretical predictions.
and quasiplasticity (yield).

The associated critical loads are strongly dependeunt(®g, o d?,
Eq. (1)), but are insensitive 1q reflective of a flexure-dominated
field. In thicker coatingsd > 0.5-2 mm) the material behaves
more like a monolith, and either cone cracking or quasiplasticity
prevail. The critical loads now depend oifP¢ = r, Eq. (2);Py =
r?, Eqg. (3)), but are insensitive th (The differentr dependencies
in Egs. (2) and (3) indicate a brittle—plastic indenter size effect in
the near-surface damageThese dependencies are not ex&the
coefficientB becomes slightly dependent dnandC slightly on
the ratio a/d and hencer/d,?° as the point-loading assumption
begins to break down in the region of very thin films (Fig.%%).
CoefficientsA and D in Egs. (2) and (3) also become slightly
dependent od, as an increasing flexural component imposes itself
on the near-surface contact stress state at intermediate valdes of
Nevertheless, the equations are sufficiently accurate to describe the
main trends observed over our data range.

The material parameters that govern the critical loads for the
various damage modes are readily identifiable in Egs. (1)H3).
for radial cracking in Eq. (1) is controlled primarily by strength
with comparatively slow dependence on the coating/substrate
modulus ratioE/E.. (Eq. (1) may be transposed to enable useful
109 5 TR R . L1t 11l estimates of (biaxial) strengths of brittle coatings fr®m mea

10 10° 104 surements, for any specifigflE..) P.. for cone cracking in Eq. (2)
is controlled byT and E (and E/E;). Similarly, P, for quasiplas
ticity in Eq. (3) is controlled byH andE (andE/E;). These are all
basic parameters, either obtainable from the literature for most
common materials or readily measured by conventional methods.
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Fig. 7. Critical load as function of coating thickness for ZrO,/
polycarbonate bilayers indented with WC spheres ef 3.96 mm. Filled

symbols arePy, data, unfilled symbols arB, data (cone crack mode not With the coefficientsA, B, C, andD “calibrated” (Section IV),
observed). Solid lines are theoretical predictions for radial and cone EQs. (1)—(3) provide simple closed-form relations frpriori
cracking and quasiplasticity (yield). predictions of the critical loads for first damage in any indenter/

coating/substrate system whose basic material parameters are
known. (Of course, any practical application of Egs. (1)—(3) should
lead to severe damage in brittle structures, especially in cyclic always be augmented with experimental data on real systems or, at
loading and under severe environmental conditiitg) The the very least, finite element calculations.) This enables us to
particular danger of the radial cracks is that they tend to remain construct “design diagrams.” Examples of such diagrams are
subsurface up to the point of failure, making them difficult to shown in Figs. 9—11. In these diagrams the solid lines represent the
detect from ordinary surface inspections or even from subsurface lowest of Pg, P., and P, at anyd. To avoid all damage, it is
inspections through a transparent base (Figs. 2—4), because ohecessary to operate below these bounding solid lines. Figure 9
crack closure on removal of the contact forces. compares plots for the same glass,@ and ZrQ, ceramic
The determining geometrical variables in the critical loads to coating materials examined in the present study (Table I), and for
initiate each fracture mode adeandr. As seen in Figs. 57, radial ~ the same polycarbonate base and sphere radia$8.96 mm (cf.
cracking is the principal mode in thinner coatings<( 0.5-2 mm). Figs. (5-7)). The Zr@has the highest resistance to radial cracking,
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Fig. 9. Design diagram. Predicted critical loads, as a function of coating
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thickness, for the three ceramic/polycarbonate bilayer systems studied.Fig. 11. Design diagram. Predicted critical loads, as a function of coating

Inclined lines are radial cracking and horizontal lines cone cracking or
quasiplasticity, whichever is lower. Plots for= 3.96 mm.

but its (yield-limited) maximum sustainable loag 1000 N) is no
better than that of the AD,. Figure 10compares plots for AD,
coatings on substrates of different modufasgain forr = 3.96
mm. Stiffer supports provide higher resistance to fracture initia-
tion, in the thin-coating region where radial cracks dominate.

thickness, for AJO4/polycarbonate bilayers subjected to indentation with
spheres of different radius. Inclined lines are radial cracking and horizontal
lines cone cracking or quasiplasticity, whichever is lower (note transition
from yield to cone cracking with increasing.

compromised by premature surface damage in the contact near
field.
The appearance of strength in Eq. (1) raises the issue of the

However, this has to be balanced against a reduced capacity forgje of surface flaw state, e.g. as-received, polished, abraded,

stiffer underlayers to contain cracks once they do inittéte?3”
Finally, Fig. 11 compares plots for three sphere rador Al,O4

machined, in the critical loaBy for radial cracking. (As stated in
Section 1l, Pc and P, are relatively insensitive to flaw state.)

coatings on polycarbonate bases. While the critical loads for radial Because . varies with the inverse square root of flaw si@g,also
cracking remain invariant, the maximum sustainable loads are ares with the inverse square root of flaw size. Thus it is advisable

strongly dependent on Clearly, it is important to avoid “sharp”
contacts®® to ensure that a high resistance to radial fracture is not

104

= T T T TTTT] T 1T TTTE
= Alumina 3
103 Yield - |
> E E, =100 GPa 3
- L ]
S 20
— 2 - _
= 10 = 3
f:’ - 2.35 3
= - J
S - ]
0.1
10! g/ =
: r=3.96 mm :
100 1 Lot 1 L1 11011
102 103 10*

Coating thickness, d (Lum)

Fig. 10. Design diagram. Predicted critical loads, as a function of coating
thickness, for AJO; coatings with substrates of different modui.
Inclined lines are radial cracking and horizontal lines quasiplasticity (cone
cracking occurs at higher load). Plots fo= 3.96 mm.

to avoid large surface flaws in the brittle coating, either intrinsic or
extrinsic, especially at the lower surface. In this context, the lower
surfaces of all-ceramic crowns are deliberately subjected to an
abrasive sand-blast treatment during prepardti@®ur use of
abraded surfaces for experimental control means thaP{d)

data in Fig. 5 may be regarded as lower-bound estimates of
practical load-bearing capacity of glassy coatings, realistically
expanding the domain of safe operation to somewhat smaller
thicknesses. The effect of flaws on ceramic surfaces needs to be
pursued and, where the scatter is large, incorporated into a
probabalistic design framework.
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